ABSTRACT Anionic palmitoyloleoylphosphatidylglycerol (POPG) is one of the most abundant lipids in nature, yet its atomicscale properties have not received significant attention. Here we report extensive 150-ns molecular dynamics simulations of a pure POPG lipid membrane with sodium counterions. It turns out that the average area per lipid of the POPG bilayer under physiological conditions is ;19% smaller than that of a bilayer built from its zwitterionic phosphatidylcholine analog, palmitoyloleoylphosphatidylcholine. This suggests that there are strong attractive interactions between anionic POPG lipids, which overcome the electrostatic repulsion between negative charges of PG headgroups. We demonstrate that interlipid counterion bridges and strong intra-and intermolecular hydrogen bonding play a key role in this seemingly counterintuitive behavior. In particular, the substantial strength and stability of ion-mediated binding between anionic lipid headgroups leads to complexation of PG molecules and ions and formation of large PG-ion clusters that act in a concerted manner. The ionmediated binding seems to provide a possible molecular-level explanation for the low permeability of PG-containing bacterial membranes to organic solvents: highly polar interactions at the water/membrane interface are able to create a high free energy barrier for hydrophobic molecules such as benzene.
INTRODUCTION
Phosphatidylglycerols (PGs) are among the most abundant lipids in nature. In higher plants, they constitute ;20%-30% of lipids (1) . They are also one of the major constituents of bacterial membranes (2) ; mixed PG/phosphatidylethanolamine (PE) lipid bilayers have been used as models for bacterial membranes (3) (4) (5) (6) . In contrast, the concentration of PG lipids in animal cell membranes is low. In red blood cells PGs constitute ;2% of all phospholipids (7) . Though, whereas being less common in animal membranes, they are present in mitochondria and some tissues. From the physical point of view, PGs, together with phosphatidylserine (POPS) and cardiolipin, are anionic, the former two carrying a unit positive charge and the latter being divalent under physiological conditions.
The nonzero net charge of PGs makes them different from commonly studied zwitterionic (neutral) lipids. Since direct electrostatic interactions between charged species are rather strong, PGs, as well as other charged lipids, are considered membrane stabilizers and destabilizers (8) and are believed to play an important role in controlling membrane-peptide/ protein interactions. For this reason, PGs have been suggested as one of the possible components in immunoliposomes, generic drug delivery vehicles (9) . It is also noteworthy that PGs constitute up to 80% of membrane lipids of Staphylococcus aureus, a common human pathogen with its methicillin-resistant strain (MRSA)-the so-called hospital bacteria-being a serious problem in hospitals around the world. Hence, it has been suggested that electrostatics may play an important role in membrane selectivity of bacteria. Atomic-scale details of these electrostatic interactions would, therefore, be very helpful and important for a better understanding of how such a selectivity can be controlled to make drugs more efficient.
Furthermore, studies of toxic effects of organic solvents on bacteria have revealed that relative concentrations of PG and PE lipids in their membranes could change depending on the chemical character of solvent molecules (10, 11) . Such an alteration in headgroup composition seems to be a means to change permeability of a membrane and to preserve its stability. Precise mechanisms responsible for solvent-induced effects are not known, due to the lack of detailed microscopic information.
Molecular dynamics (MD) simulations provide a detailed microscopic picture of atomic-scale interactions and processes, which are not easily accessible by experimental methods. Systems having an abundance of charged components, such as anionic or cationic membranes, and systems with salt ions are computationally demanding-first reliable MD studies in the field were reported only recently: anionic POPS lipid bilayers (12, 13) , PG monolayers (14) , mixed cationic/zwitterionic lipid membranes (15) (16) (17) , phosphatidylcholine lipid membranes with salt (18) (19) (20) (21) , and ion leakage through water pores in PC membranes (22) .
Given the abundance of PGs in nature, it is somewhat surprising that, to the best of our knowledge, there has been only one atomistic computational study of pure PG lipid bilayers (23) focusing on the hydrogen bonding between the lipids. All related simulation studies to date have dealt with mixtures of PGs with other lipids (3, 6) or with PG monolayers at the air/water interface (14) . On the experimental side, pure POPG bilayers, or POPG mixed with PC at high concentrations, have been studied (to our knowledge) only by Cowley et al. (24) in the 1970s and more recently by Pozo-Navas et al. (25, 26) . The phase behavior (27, 28) and various aspects of the structure-function relationship of POPGs in PE bilayers (8, (29) (30) (31) (32) have been experimentally characterized, though.
In this work we employ atomistic MD simulations to gain a thorough understanding of the properties of PG-rich membranes through a systematic comparison with corresponding PC bilayers. This is needed to establish the fundamental molecular and atomistic level physical origin of the observed phenomena. This knowledge should be useful also in interpreting experimental findings, and it offers a possible explanation as to why nature has chosen to use charged lipids structures such as bacterial membranes.
We focus on the structural and electrostatic properties of single-component palmitoyloleoylphosphatidylglycerol (POPG) lipid membranes. Zwitterionic palmitoyloleoylphosphatidylcholine (POPC) was used as a control as its properties are well known and, importantly, since PCs are the most abundant lipids in biological membranes. As they have a dipole in their headgroup, their behavior is expected to be quite different from that of anionic PGs. Indeed, when compared to a POPC bilayer, the average area per lipid in POPG bilayer simulations turns out to be much smaller. That seems to be characteristic for charged bilayer as similar compression has also been seen in other anionic bilayers (see, e.g., Petrache et al. (33) ). Our simulations reveal the physical mechanism responsible for that, and the key results of this work are the following: there are strong attractive interactions between anionic POPG lipids, which overcome the electrostatic repulsion between negative charges of PG headgroups. We show that interlipid counterion bridges and strong intra-and intermolecular hydrogen bonding lead to this seemingly counterintuitive behavior. In particular, the strength and stability of ion-mediated binding between anionic lipid headgroups leads to complexation of PG molecules and ions and formation of large PG-ion clusters that act in a concerted manner. The ion-mediated binding may provide a possible molecular-level mechanism for the low permeability of PG-containing bacterial membranes to organic solvents: highly polar interactions at the water/ membrane interface are able to create a high free energy barrier for hydrophobic molecules such as benzene.
The rest of this work is organized as follows: in the next section we present the model and simulation details. Then, we first show the results for the basic structural quantities such as the area per lipid, density profiles, and order parameters. After that we come to the main results: hydrogen, ion bonding, and their consequences such as clustering. Finally, we finish with conclusions and a discussion.
MODEL AND SIMULATION DETAILS
We have studied a lipid bilayer system consisting of 128 anionic POPGs and 3527 water molecules. A total of 128 Na 1 counterions was included to ensure electroneutrality. The force field parameters for POPG (Fig. 1) were taken from the united atom force field of Berger et al. (34) . They are based on the GROMOS force field for lipid headgroups, the RyckaertBellemans potential functions (35, 36) for hydrocarbon chains, and the optimized parameters for liquid simulations parameters (34) for the Lennard-Jones interactions between united CH n groups of nonpolar lipid chains. Partial charges for the glycol group (H16-O16-C13-C12-O15-H15 in the headgroup of POPG; see Fig. 1 ) were taken from 1,2-propanediol (D. Warren, unpublished). The force field parameters for POPG are available online at http://www.softsimu.org/downloads.shtml. The SPC model (38) was used for water, and standard GROMACS force field parameters were employed for sodium ions. For subtleties related to modeling of Na 1 , please see Patra and Karttunen (39) . All Lennard-Jones interactions were cut off at 1.0 nm without shift or switch functions. Lipid bonds were constrained using the LINCS algorithm (40) , and the SETTLE algorithm (41) was used for water molecules. The electrostatic interactions were handled by the particle mesh Ewald (PME) method (42, 43) , which has been shown to perform well in membrane simulations (44) (45) (46) .
The simulations were performed in the NpT ensemble with a time step of 2 fs, using the GROMACS simulation package (47) . The temperature was kept constant at T ¼ 310 K using the Berendsen thermostat (48) with a coupling time constant of 0.1 ps. Lipid molecules and solvent (water molecules and sodium ions) were separately coupled to a heat bath. The Berendsen barostat (48) with a coupling constant of 1.0 ps was employed to keep pressure constant (1 bar). The pressure coupling was applied semiisotropically: the box size in the direction of the bilayer normal (z axis) and the cross sectional area (xy-plane) were allowed to vary independently.
The starting structure of a POPG bilayer was prepared using an equilibrated POPC bilayer (49) : the choline moieties of POPC lipids were replaced with the glycerol groups such that equal numbers of D-POPG and L-POPG lipids were created, leading to a lipid bilayer system with neutral chirality (racemic). The two cases differ with respect to the chirality of the C12 site (50) , and hence this choice guarantees that our lipid bilayer system is characterized by neutral chirality. After initial energy minimization, a short 10-ps run in the NVT ensemble was performed to remove unphysical voids due to structural modifications. The resulting POPG system was simulated for 150 ns. By analyzing the time evolution of the area per lipid and the coordination of Na 1 counterions with lipids and water, we concluded that the system had equilibrated within 70 ns (see Fig. 2 ). The time range from 70 to 150 ns was therefore used for analysis. In total, the MD simulations took ;12,000 CPU hours on AMD Opteron 2.2 GHz computers (AMD, Sunnyvale, CA).
Below, the properties of POPG are compared with those of POPC. Hence, for the purpose of comparison, a complementary simulation of a POPC lipid bilayer containing 128 POPC and 3655 water molecules was also conducted at a temperature of 310 K for 30 ns. Our choices for the force field and the initial (and already equilibrated) configuration are the same as in our previous simulations (49) . For the given temperature and hydration, both studied systems, POPG and POPC, are in the fluid (liquid-disordered) phase. The experimenatlly determined main transition temperatures are below 273 K for both POPG (% 273 K) (26, 27) and POPC (268 K) (51) . Our data (in the following sections) are also consistent with the liquid-disordered phase.
RESULTS

Area per lipid
The average area per lipid, AEAae, is perhaps the most widely used quantity to characterize lipid bilayer systems, since it affects a variety of physical processes such as lateral diffusion, membrane elastic properties, and permeation. The time evolution of the area per lipid is shown in Fig. 2 . The long equilibration time visible in the figure is mainly due to the slow kinetics associated with the binding of counterions with the charged POPG lipids and in part due to hydrogen-bond formation among the lipids. Similar findings have also been made in simulations of anionic POPS bilayers (13) and in bilayer simulations under the influence of salt (17, 18, 20, 21) .
For the average area per lipid in a POPG bilayer we obtain AEA POPG ae ¼ 0.530 6 0.006 nm 2 . This is a remarkably small number compared to typical values in corresponding zwitterionic lipid systems. For example, for a POPC bilayer studied in this work we found AEA POPC ae ¼ 0.658 6 0.009 nm 2 at the same temperature. Sphingomyelin bilayers in turn have yielded average areas per lipid of the order of 0.52 nm 2 , and the lipid hydrocarbon chains in these systems are known to be highly ordered. Similar enhanced ordering is therefore expected for POPG too (see below).
Comparison of our results to experimental data is difficult since, to our knowledge, there are no experimental estimates for the average area per lipid in single-component POPG bilayers. However, comparison to previous related simulations is possible. Murzyn et al. (6) used the Voronoi tessellation technique to extract the average area per lipid from simulations of a POPE/POPG mixture. They reported a value of 0.628 6 0.003 nm 2 for the average area per POPG, which is considerably larger than the value found in our work. One has to note, however, that the result by Murzyn et al. cannot be directly compared to our findings. This stems from the fact that they applied the Voronoi tessellation technique to a binary system, and then there is no unique way to decompose the free area (volume) among the different lipid components. Hence the areas of two-dimensional Wigner-Seiz cells in binary systems do not correspond to the area per lipid measured in single-component lipid bilayers. This issue has been extensively discussed in computational studies of cholesterol in phospholipid bilayers (52) (53) (54) (55) and also in experiments on mixtures of nonsterol natural lipids (56) .
A better, but also indirect comparison can be provided by MD simulations of pure POPS bilayers (13) . Although headgroups of POPG and POPS lipids have different chemical structures, both of these lipids are anionic under physiological conditions. Mukhopadhyay et al. obtained 0.55 6 0.01 nm 2 for the average area per POPS under simulation conditions similar to those employed in this study-close to 0.53 nm 2 found here for a POPG bilayer. These findings are also in agreement with Cowley et al. (24) , who studied PC/POPG bilayers at different concentrations under varying hydration conditions.
We also computed the autocorrelation function to measure the characteristic timescales for area fluctuations of POPGs (data not shown). As expected on the basis of the above discussion, they turned out to be much longer than those observed for POPC bilayers (49) . The above observation indicates that an anionic POPG bilayer is less fluid than one would naïvely expect (27) : its densely packed structure, which seems to be counterintuitive at first sight, is caused by tight binding of anionic lipids through relatively stable ion bridges (see the section Interactions of Na 1 ions with water/membrane interface).
Density profiles
Next, we consider the density profiles of various bilayer constituents (see Fig. 3 ).
The maxima of the (mass or electron) density profiles are often used to estimate the thickness of the bilayer (6, 44, 57) .
As in previous studies, we considered the distance between the average positions of phosphate atoms in the two leaflets of a lipid bilayer. That distance computed from the electron density profile yielded 4.39 6 0.02 nm for the phosphatephosphate distance d P-P . The result is in line with the previous simulation study of a POPG bilayer at 310 K (23) .
The maximum of the mass density profile of POPG lipids turns out to be located at the average position of the ester groups instead of the phosphate groups as has been found for phosphatidylcholine bilayers (49) . The most remarkable feature is the distribution of Na 1 ions characterized by two peaks in the interface region (see Fig. 4 ). The first (main) peak is located at %1.9 nm from the bilayer center and overlaps with the peak due to the POPG carbonyl ester groups. Elmore has recently made a similar observation (23) . The second, much smaller peak is at %2.65 nm. Further analysis shows that this peak corresponds to Na 1 ions mainly located in the water phase, close to the membrane but beyond the phosphate groups, although the FIGURE 3 Component-wise density profiles across the bilayer as a function of distance from the membrane center (z ¼ 0). Gly: the glycol group (H16, O16, C13, C12, O15, H15); Phos: the phosphate group (O11, O12, O13, O13, P); and Carb: the carbonyl ester group (C21, O21, O22, C31, O31, O32). FIGURE 4 Scaled number densities for various constituents of the POPG system. The number density of lipids is not scaled, whereas the densities of water, phosphorus, O22, O32, and Na 1 ions are scaled by dividing them by 70, 10, 10, 10, and 7, respectively. The bilayer center is at z ¼ 0.
distribution of Na 1 is strongly affected by the surface potential of the negatively charged surface of a POPG bilayer. Hence the positively charged sodium ions tend to avoid being in close contact with the negatively charged phosphate groups and instead prefer interactions with the ester groups.
The peaks of the density profiles of phosphodiester oxygens (O13, O14), hydroxyl oxygens O16 and O15 (see Fig. 1 ) are located at %2.2 nm, 2.05 nm, and 2.0 nm, respectively (data not shown). When these numbers are compared to the distribution of Na 1 ions, they suggest that sodium ions interact more favorably with ester groups rather than phosphodiester moieties. Meanwhile, sodium ions corresponding to the second, smaller peak of the distribution (%2.65 nm) are not bound to lipids (see the section Interactions of Na 1 ions with water/membrane interface for a detailed discussion). Due to strong electrostatic interactions, all the Na 1 ions stay near lipid headgroups and interact with various oxygen atoms. Yet the mutual electrostatic repulsion between the Na 1 ions together with their thermal motion and energy compensation from hydration competes with the tendency of sodium ions to reside close to the headgroups. The two effects together lead to the existence of the broad second peak in the distribution of the Na 1 ions.
Headgroup orientation
Due to the glycerol group, it is not straightforward to characterize the orientation of PG headgroups as compared to that of phosphatidylcholine headgroups defined by their P-N dipoles. Hence, for POPG we considered distributions of the P-C12, P-O15, and P-O16 vectors (see labeling in Fig. 1 ) as shown in Fig. 5 . The average orientation angles between the PG headgroup vectors (P-C12, P-O15, and P-O16) and the outward bilayer normal are found to be 85 6 2°, 98 6 3°, and 89 6 6°. Consequently, PG headgroups are on average almost parallel to the membrane surface. This is also confirmed by the density profile shown in Fig. 3 , where the maxima of phosphate and glycol groups overlap to a large extent. As for the P-O15 vector, the average inward orientation possibly results from the intramolecular hydrogen bond O15-H15-O12.
The orientation of the PG headgroup with respect to the membrane surface has been examined earlier by small angle x-ray (58) and neutron scattering techniques (59) . These experiments were performed in the ordered phase of DPPG or Escherichia coli PG, respectively, at very low hydration (n water ; 2.6 per lipid). An approximate tilt of 30°was derived from these data for the PG headgroup, though an alternative interdigitated structure could not be strictly excluded (59) . The above experimental results are not comparable to our simulations as they were performed in the gel phase, and the former one even under varying pH. In recent simulations in the fluid phase, Elmore (23) found an average angle of 102°with a broad variation.
It has been observed that the PG headgroup undergoes changes of orientation as the hydration level is changed (60) . This orientation flexibility, as suggested by Kurze et al., is probably related to the breakdown of the continuous primary hydration shell of the PG headgroup, accompanied by the formation of an interheadgroup hydrogen-bonding network that replaces the headgroup-water interaction. Unfortunately, experimental data for the orientation of PG headgroup are not available at the hydration level we applied in our bilayer system.
Ordering of hydrocarbon tails
The ordering of lipid acyl chains is typically characterized by the order parameter tensor
where a, b ¼ x, y, z, and u a is the angle between the ath molecular axis and the bilayer normal (z axis). The order parameter is then computed separately for all carbons along the acyl chains. The above is related to the experimentally measured deuterium order parameter
We therefore present our results in terms of |S CD |. Since we used a united atom model and therefore had no explicit hydrogen positions, they had to be reconstructed assuming a perfect tetrahedral arrangement.
The order parameters for saturated sn-1 chains and unsaturated sn-2 chains are presented separately in Fig. 6 . For comparison, the order parameters from a reference simulation for a POPC bilayer are presented as well. Fig. 6 shows that POPG lipids are more ordered than lipids in a POPC bilayer and that the qualitative features of the order parameter profiles are quite different. Unlike for POPC, the order parameter of POPG acyl chains increases up to the eighth carbon along the chain. Eventually it decreases for the last few carbons but, nevertheless, the POPG chains are highly ordered even at their ends. The higher ordering is in line with what one can expect from the behavior of the area per lipid (see Fig. 2 ).
FIGURE 5 The probability distribution P(a) of the angle a between PG headgroup vectors and the outward bilayer normal.
Hydrogen bonding
Experimental observations have suggested that the hydroxyl group of a PG lipid has the potential to form both intra-and intermolecular hydrogen bonds (61) . To determine whether these hydrogen bonds exist, we follow the generally accepted approach and define two geometrical parameters: the distance r between the hydrogen and the acceptor, and the donor-hydrogen-acceptor angle (zero extended) a. The conditions r # 0.25 nm and a # 60°were then used as criteria for a hydrogen bond (H-bond) to exist.
On the average, we found that O16 forms ;0.15 intramolecular and ;0.47 intermolecular hydrogen bonds with various lipid oxygen atoms per POPG molecule. The intermolecular hydrogen bonds between the O16-H16 groups and carbonyl groups are the most abundant hydrogen bonds found in our study. We will discuss this issue in more detail below. Table 1 summarizes the average numbers of intraand intermolecular hydrogen bonds.
Interactions of Na 1 ions with water/membrane interface
Radial distribution functions and coordination numbers Fig. 7 shows the radial distribution functions (RDFs) of various oxygen atoms (including intermolecular and intramolecular parts) with the hydrogen atom H16 in the POPG headgroup. The results for H15 are not shown since it forms intramolecular hydrogen bonds with the phosphoether oxygens. In Fig. 7 , the first minima in the RDF for all the carbonyl and phosphodiester oxygen atoms are located at ;0.24 nm, indicating hydrogen bonding with H16 hydrogen atoms. This confirms intermolecular hydrogen bonding in the POPG bilayer.
The distribution of Na 1 in Fig. 8 suggests that a large amount of sodium ions are located in the ester region of the water/membrane interface, rather than in the phosphate region. Clearly, there are prominent peaks with oxygen atoms O22 and O32 associated with the ester bonds, followed by O15 in the glycerol part of the headgroup. The remaining peaks related to O16 (also part of the glycerol group) and oxygen atoms O13 and O14 in the phosphate group are considerably less significant.
The structure and population of oxygen atoms around the Na 1 ions can also be characterized by coordination numbers (39) computed by integration of the corresponding RDF over the first coordination shell,
FIGURE 6 Deuterium order parameters S CD of saturated sn-1 (top) and unsaturated sn-2 (bottom) chains in POPG and POPC bilayers. where V Na1 is the van der Waals volume of a sodium ion and r min is the position of the first minimum of the RDF. This coordination number n Na1 coord describes the number of atoms of interest in the first coordination shell of a Na 1 ion. From Eq. 3 one finds, on average, 3.36, 0.91, 0.60, 0.40, 0.19, and 0.04 oxygen atoms from water, O22, O32, O15, O16, and from phosphodiester oxygen atoms, respectively, around the Na 1 ion. To get a more detailed view on how Na 1 ions interact with different charged groups, in Fig. 9 we show the coordination numbers of Na 1 ions with various oxygen atoms as a function of the distance from the bilayer center.
The total coordination number shows a small increase, from ;5.0 deep inside the lipid bilayer to ;5.7 in the aqueous phase. The coordination numbers of Na 1 ions with lipid oxygen atoms show a maximum in the ester region of the water/membrane interface, indicating strong interactions between Na 1 ions and carbonyl groups. Due to binding of sodium ions to the membrane, water molecules are squeezed out from the first coordination shell.
In the section Density profiles we found that the density profile of sodium ions was characterized by two peaks in the membrane-water interfacial region. Fig. 10 elucidates the origin of this behavior: the first peak in the density profile of sodium ions around z % 1.9 nm is due to ions bound to lipid oxygens and especially those bound to the oxygens in the ester groups. The second peak at z ; 2.65 nm, in turn, arises from those sodium ions that are not bound to any lipid oxygens but are rather confined to water molecules in the vicinity of the membrane-water interface.
Ion bridges and ion-lipid clusters
The term ''ion bridge'' refers to the case in which two lipids bind to each other via a Na 1 ion. To characterize the existence of ion bridges, we define an ion-lipid bond to occur when the carbonyl oxygen is within a distance of 0.33 nm from a Na 1 ion, which is the radius of the first shell of Na 1 ions. Here, we only define lipid carbonyl oxygens (O22, O32) instead of all lipid oxygens as binding sites available for ion bridges (19) . This is justified since the bonding between Na 1 ions and carbonyl oxygens is much stronger compared to interactions between Na 1 ions and other lipid oxygens. These ion bridges constitute the majority of all interactions between Na 1 ions and lipid, as seen above. When analyzing the trajectory we found, on average, 193 6 5 ion-lipid bonds (in the model of 128 PGs and 128 sodium ions), involving 63% of Na 1 ions and 97% of lipids. The percentages for Na 1 ions binding to one, two, three, and four lipids are, respectively, 9%, 24%, 24%, and 6%. Fig. 11 illustrates some of the cases. As for lipids, the percentages binding to one, two, and three Na 1 ions are, respectively, 45%, 51%, and 1%. As we can see, the majority of Na 1 ions bind to two or three lipids, whereas most of the lipids bind to one or two Na 1 ions with almost equal probabilities. It is observed that, although each lipid has two binding sites for ion bridging, the cases with an individual Na 1 ion binding to two carbonyl oxygens within the same lipid are rare.
As seen above, an ion often binds to more than one lipid. That makes it possible for the lipids to form larger connected FIGURE 8 RDFs of various oxygen atoms with Na 1 ions.
FIGURE 9 Average coordination numbers of Na 1 ions with various lipid oxygens, water oxygens, as well as the total coordination numbers (including contributions from all oxygen atoms in POPG) as a function of the distance from the bilayer center. clusters in which the lipids are linked to each other by ion bonds. We define such a continuous and connected network as an ion-lipid cluster. Fig. 12 a shows a typical configuration of an ion-lipid cluster. We also studied the distribution of the cluster sizes as shown in the inset in Fig. 13 . Although smaller clusters appear frequently, most of the lipids belong to larger clusters. As seen in the inset in Fig. 13 , some very large clusters also appear. An example of such a cluster is shown in Fig. 12 b.
It can be easily imagined that the existence of clusters has an effect on the dynamics of the whole bilayer since the robust ion bridges force the lipids to move collectively. This suggestion is supported by the strong correlation between the evolution of the area per lipid and the number of clusters (Figs. 2 and 13) . The slow process of the formation and breaking of ion-lipid bonds is likely to be the key factor that makes the equilibration of the POPG bilayer slow.
Water orientation
Ordering of water molecules in the vicinity of the water/ membrane interface can be characterized by the timeaveraged projection of the water dipole unit vectormðzÞ onto the bilayer normal ñ,
where z is the z-component of the center of mass of a water molecule, and f is the angle which the water dipole vector makes with the bilayer normal. The orientation of water dipoles as a function of the distance from the bilayer center is presented in Fig. 14 . Due to the negative surface charge of the POPG bilayer, interfacial water is highly polarized and distinctly different from the POPC case. Whereas in POPC there is a single minimum in the interfacial region, the ordering of water within the POPG bilayer is characterized by a rather deep minimum around 2.4 nm and a broad maximum around 1.9 nm. The water orientation profile reflects the total charge density profile of the POPG/water/ion system shown in Fig. 15 . FIGURE 13 Time evolution of the number of clusters during the whole simulation. Inset: Size distribution of clusters. The cluster size is defined by the number of lipids it contains, e.g., a cluster of size 1 might or might not contain a Na 1 ion, whereas clusters of size more than 1 always contain Na 1 ions.
FIGURE 14
The average cosine of the angle f between the water dipoles and the outward bilayer normal.
As Fig. 15 shows, ordering of water compensates the excess local charge carried by lipid and Na 1 ions. This is in agreement with observations for an anionic POPS lipid bilayer (62) .
Electrostatic potential
To a large extent, the electrostatic potential determines the permeability of ionic solutes through the lipid bilayer (63) . Hence, to calculate the electrostatic potential across the bilayer, the average charge density profile was first computed, the bilayer center being set to z ¼ 0 for each simulation frame. Then, the electrostatic potential was determined by integrating the charge density twice with the initial condition V(z ¼ 0) ¼ 0 (see, e.g., Patra et al. (44)). Fig. 16 shows that the electrostatic potentials for POPG and POPC bilayers differ especially in the inner side of the interface region. The potential barrier in POPG is much lower, which means that it is easier for a positively charged ion to migrate across the interface zone. This difference is expected to arise from a number of factors related to the charge density profiles of a POPG bilayer (see Fig. 15 ). First for a POPG bilayer the net negative charge carried by the phosphate group, along with the positive charge carried by the nonuniformly distributed Na 1 ions, resulting in a strong surface potential, play an important role. The dipole potential due to the orientation of ester carbonyls is another potential source. Furthermore, the oriented water also makes an important contribution.
DISCUSSION
We have presented results from an extensive MD study of a negatively charged POPG lipid bilayer. A zwitterionic POPC bilayer has been used as a reference. Thus far, to our knowledge, previous computational studies of PG systems (6, 14, 23) have been rather limited in scope and focused on hydrogen bonding (23) , mixtures of PG with POPE (6), or PG molecules in monolayers (14) . Here, we have presented a systematic study of the structural properties of a POPG bilayer with special attention to the role of electrostatics in PG bilayers.
Our studies revealed that PG headgroups have a rather weak intramolecular hydrogen bonding ability. We observed hydrogen bonds mainly between the hydroxyl-1 O16-H16 groups and carbonyl. This is in agreement with infrared spectroscopy analysis (61) . Existence of this hydrogen bonding was suggested to prevent the interactions between hydroxyl-1 O16-H16 groups and Na 1 ions (see the section Interactions of Na 1 ions with water/membrane interface). The fact that the PG headgroup is not strongly hydrogen bonding is emphasized by the observation that in a mixture with POPE (6), the number of intramolecular bonds is three times smaller than what we have observed here. That is mainly due to competition for hydrogen bonding sites with the strongly hydrogen bonding PE group (6) .
It seems that weakening hydrogen bonding of the PG headgroup is due to the strong direct electrostatic interactions caused by the negative charge within the POPG headgroup. A similar conclusion has been suggested for anionic POPS bilayers (13) . On the other hand, the hydroxyl-2 (O15-H15) group is involved with high affinity in intramolecular hydrogen bonds with the phosphate oxygen O12. The existence of the intramolecular hydrogen bond O15-H15-O12, however, has not been reported in experimental studies thus far (to our knowledge). Infrared spectroscopy studies would be useful to investigate the existence and stability of this hydrogen bond.
The main finding in our study is that although the intermolecular hydrogen bonds are rare, the strong and frequent interaction between ions and PG carbonyl oxygens seems to be the most important factor determining the order of hydrocarbon chains and membrane surface area. About 60% of Na 1 ions are involved in interlipid interactions in terms of ion bridges between the lipids. The resulting interaction network where lipids are connected through ion bridges results in ion-lipid clusters whose sizes range from a FIGURE 15 Charge density profiles due to POPG with Na 1 ions, water, and the total charge density profile. The profiles are shown as functions of the distance from the bilayer center.
FIGURE 16 Electrostatic potential across the bilayer as a function of distance from the bilayer center. few to ;100 particles. These interlipid interactions are stable, some of them persisting over the whole simulation run. Consequently, the ion-lipid clusters are also rather stable, implying that the lipids involved in a cluster form entities that act in a concerted fashion. It is likely that this plays a role in the structural as well as the dynamical properties of the bilayer, including, e.g., the movement of lipids in the plane of the bilayer and the possible formation of small-scale domains of PG-ion rich regions in many component membranes. Further, the strength and stability of positively charged ions and negatively charged headgroups provide a possible molecular level explanation for the action of PG in bacterial membranes under the influence of organic solvents. These highly polar interactions create a high free energy barrier for hydrophobic molecules such as benzene, thus possibly giving one reason nature uses charged lipids in these structures that have to adjust quickly to external changes. PG headgroups also strongly modify the orientation of water near the bilayer. Two peaks of opposite sign in the interfacial region of the POPG bilayer related to the local water dipole order were observed (Fig. 14) . Correlation of the position of these peaks with the position of the two peaks of opposite sign on the charge density (Fig. 15) along the bilayer normal suggests that the ordering of water molecules originates from the shielding of local charges by water dipoles. The snapshot of a Na 1 ion coordinated with PG oxygen atoms and water molecules, which is additionally hydrogen bonded with a phosphate oxygen (Fig. 11 a) , illustrates well the origin of the first peak. The second peak is due to water molecules hydrogen bonded with phosphate and glycerol oxygens from the side of the water phase. In the case of PC, water is ordered by the phosphate groups in a manner similar to PG, but the positively charged choline group does not act the same way as PG (which has no positive charge around) and Na 1 ions around the choline group create a clathrates-like structure, thus the lack of ordering relative to the bilayer normal. The long-range polarization of the water molecules throughout the simulation box suggests that the amount of interlayer water in our model is too low for comparisons with unilamellar vesicles. That means that there is an additional repulsive interaction through the water phase between headgroups of opposite layers which potentially can influence the structure and dynamics of simulated bilayers. This is in agreement with experimental studies of charged lipids, which show continuous swelling with water added between lamellae up to a certain threshold at which two phases are formed, a fully hydrated unilamellar vesicle with bulk water (64) . However, the exact amount of interlamellar water for POPG is not known. Despite that, we can exclude the possibility that the increase of the order and decrease of the surface area observed in our studies are additionally facilitated by a too small number of interbilayer water molecules. A similar increase for the order of PG acyl chains was observed in mixed PE-PG bilayers (6) and PG monolayers (14) , and thus it is unlikely that it can influence our conclusions.
